ABSTRACT: Intact follicles of the bambooleaf wrasse were incubated with different radioactively labeled steroid precursors during final oocyte maturation (FOM), and the maturation-inducing hormone (MIH) of this species was examined to compare the activities of the steroid metabolites produced on germinal vesicle breakdown (GVBD) in vitro. Of the metabolites obtained by thin layer chromatography, two steroids, 17,20b-dihydroxy-4-pregnen-3-one (17,20b-P) and 17,20b,21-trihydroxy-4-pregnen-3-one (20b-S), both had the greatest effect on GVBD in vitro. During FOM, a shift in steroidogenic enzymes, a decrease in C17,20-lyase activity, and an increase in 20b-HSD activity were found. In addition to this shift, continuous high 21-hydroxylase activity throughout all the oocyte developmental stages was observed, and, in all likelihood, this 21-hydroxylase activity enables ovarian follicles to synthesize enough 17,21-P. Consequently, activated 20b-hydroxysteroid dehydrogenase converted 17-P and 17,21-P to 17,20b-P and 20b-S, respectively, during FOM. Thus, the present study not only provides evidence on the physiological role of 17,20b-P and 20b-S as MIH in the bambooleaf wrasse, but also details the enzymatic kinetics of 17,20b-P and 20b-S biosynthesis.
INTRODUCTION
It is now accepted that final oocyte maturation (FOM) in teleosts is induced by maturationinducing hormone (MIH). The MIH of teleost is steroid produced in the follicle cells by the stimulation of pituitary maturational gonadotropin (GtH-II, now often referred to as LH), and acts via MIH receptor located on the oocyte plasma membrane.
1,2 A number of C21 steroids induce germinal vesicle breakdown (GVBD) in vitro. Of the steroids tested, 17,20b-dihydroxy-4-pregnen-3-one (17,20b-P) is the most potent inducer in the majority of fish species investigated 3 and has been identified as the major MIH in salmonids. 2 Another C21 steroid, 17,20b,21-trihydroxy-4-pregnen-3-one (20b-S), has also been identified as the major MIH in two sciaenid fishes, Atlantic croaker Micropogonias undulatus and spotted seatrout Cynoscion nebulosus, [4] [5] [6] [7] an anadromous perciform, striped bass Morone saxatilis, 8, 9 and a puffer fish Takifugu rubripes. 10 Both steroids, 17,20b-P and 20b-S, are 20b-hydroxylated progestins, and the only structural difference between the two is a hydroxyl group at the 21-position.
The bambooleaf wrasse Pseudolabrus japonicus is a diandric protogynous labrid fish. 11 The female spawns almost every day during the 2-month spawning period, and has a diurnal rhythm in oocyte growth, maturation, ovulation, and spawning. 12 These features make this fish a good model for studying the endocrine control of oogenesis spawning season in late September 1999 in coastal waters near the Fisheries Research Laboratory, Kyushu University, Fukuoka prefecture, and transferred to the laboratory. Fish were kept in 500 L fiberglass tanks containing filtered seawater, under natural daylength and water temperature conditions, and fed live snails and hermit crabs once daily. After confirming daily spawning between 06.00 h and 09.00 h, female fish (bodyweight, 17.3-43.1 g; total length, 113-138 mm) were sampled at different times of the day. Fish were killed by decapitation and their ovaries removed. For ovarian histology, small ovarian fragments were fixed in Bouin's solution, dehydrated, and embedded in Technovit resin (Kulzer, Germany). For light microscopy, 4 mm-thick sections were cut and stained with 1% toluidine blue solution. The developmental stages of oocytes are reported elsewhere. 13 Five female fish were sampled at 10.00 h, 18 .00 h, 02.00 h, and 05.00 h. The largest oocytes collected at 10.00 h, 18 .00 h, and 02.00 h were in the tertiary yolk (TY), early migratory nucleus (EMN), and late migratory nucleus (LMN) stages, respectively. In fish sampled at 05.00 h, GVBD had already occurred in the largest oocytes and the cytoplasm was transparent as a result of yolk proteolysis and hydration. Therefore, in the present study, we described these follicles as being at the mature (M) stage.
After decapitation, the ovaries were removed and placed in ice-cold Ringer's solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 0.8 mM MgSO 4 , 1.5 mM NaH 2 PO 4 , 2 mM NaHCO 3 , 20 mM HEPES, pH adjusted to 7.5 using 1 N NaOH). The largest follicles (n = 250) were isolated and gathered using forceps and pipettes. After removing the excess solution, follicles were frozen in liquid nitrogen and stored at -80∞C until incubation. Preliminary experiments that we have done have revealed that there is little difference between the patterns of steroid metabolites of frozen and intact follicles, as determined by the incubation procedure described next.
In vitro follicle incubation with 3 
H-labeled steroid precursors
The nomenclature of the steroids used in the present study is shown in Table 1 and ovulation. In a recent study, we reported that two MIH of teleosts, 17,20b-P and 20b-S, showed a diurnal production rhythm, and that the highest circulating levels occurred around the time of GVBD. Furthermore, there was a dramatic production of 17,20b-P and 20b-S in follicles collected just before or during GVBD. 13 In addition, in vitro experiments clearly showed that 17,20b-P and 20b-S were highly effective in inducing GVBD in the steroids tested. 12 These results indicate that 17,20b-P and 20b-S are produced by the follicles during FOM and act as MIH in FOM. However, neither the true form of MIH nor its synthetic pathway has been clarified in this species. In the present study, we investigated steroidogenesis in ovarian follicles during FOM to determine the true MIH in this species.
Recently, Pseudolabrus japonicus was divided into two species, P. sieboldi and P. eoethinus, using morphological characteristics and mitochondrial DNA sequences. 14, 15 The bambooleaf wrasse population that we studied previously clearly exhibits the morphological characteristics of P. sieboldi, as do fish examined in the present study. Therefore, we use the term bambooleaf wrasse to indicate P. sieboldi in the present study, which is consistent with previous studies we have done. (Wilton, NH, USA). 17,20b-Dihydroxy-5b-pregnan-3-one was purchased from Dr A Kambegawa (The Kambegawa Laboratory, Tokyo, Japan). The 3b-hydroxy-D5-steroid dehydrogenase (3b-HSD) inhibitor, trilostane, was a generous gift from Dr W King V (North Carolina State University, NC, USA). Human chorionic gonadotropin (HCG) was purchased from Teikoku Hormone (Tokyo, Japan). Enzymes, coenzymes, reagents, and solvents were obtained from either Sigma or Wako (Tokyo, Japan).
12,13

MATERIALS AND METHODS
Chemicals
Fish and oocyte preparation
Adult bambooleaf wrasse Pseudolabrus sieboldi were caught by hook and line during the early (17,20b-P), respectively, by 3a,20b-hydroxysteroid dehydrogenase.
Two hundred and fifty frozen follicles were placed in a 10 mL glass tube with 1 mL of sucrose buffer (250 mM sucrose, 20 mM HEPES, pH adjusted to 7.6 using 1 N NaOH). A volume of 10 pmol of 3 H-labeled P5, 17,20b-P5, 17-P, 17,20b-P, or 17,21-P was dissolved in 150 mL sucrose buffer. Coenzymes (NAD, NADH, NADP, and NADPH; 10 mM each) were dissolved in a solution that consisted of 100 mL of MgCl 2 (20 mM) and 50 mL of citric acid buffer (5 mM, pH 7.3). At the start of incubation, the 3 H-labeled precursor and coenzyme solutions were both added to the incubation media. Incubations were performed at 20∞C for 2 h with constant shaking. At the end of incubation, steroids were extracted three times from the media using 4 mL dichloromethane. The extract was concentrated and applied to a thin layer chromatography (TLC) plate (60F 254 ; Merck, Darmstadt, Germany) with non-radioactive standard steroids (estrone, estradiol-17b, progesterone, androstenedione, testosterone, 17-P, 17,20b-P, and 20b-S), and then developed in a mixture of benzene : acetone (4 : 1). Radioactive steroid metabolites were analyzed using a BAS 1500 bio-imaging analyzer (Fuji Film, Tokyo, Japan), and standard estrone (E1) and estradiol-17b (E2) were visualized by exposure to iodine vapor. Other standard steroids were detected by UV absorption at 254 nm. Radioactive steroids were scraped from the TLC plates and extracted three times using 3 mL diethyl ether. Some radioactive metabolites were further separated in different solvent systems. Radiolabeled steroid metabolites were identified by their chromatographic mobility in TLC and by recrystallization. 16 There was little difference in the patterns of metabolites of follicles from five fish sampled simultaneously. Therefore, we used follicles derived from the same fish for each stage.
In vitro germinal vesicle breakdown assay
Ovaries from female wrasse, including oocytes at the EMN stage, were sampled at 16.00 h and placed in ice-cold Leibovitz's L-15 culture medium (Gibco, Rockville, MD, USA) with 20 mM HEPES adjusted to a pH of 7.6 using 1 N NaOH. Gentamicin sulfate (200 mg/L) was added at the beginning of the assay. Ovarian tissues were cut into small pieces containing approximately 30 of the largest oocytes and transferred separately to the wells of a 24-well plastic culture dish (Falcon, Franklin Lakes, NJ, USA), each containing 1 mL of culture medium. Steroids and 3b-HSD inhibitor trilostane were dissolved and diluted with ethanol. A volume of 10 mL of steroid and trilostane solution was added to the wells, and 10 mL of ethanol was added as a control for steroids. In the experiment with trilostane, HCG (100 IU/10 mL medium) was added to the wells following 1 h preincubation of ovarian fragments with the inhibitor. After incubation at 20∞C for 24 h, the number of oocytes that had completed GVBD was counted in each well.
RESULTS
In vitro follicle incubation with [ 3 H]pregnenolone
When follicles were incubated with [ 
H-labeled steroids
When follicles at the M stage were incubated with [ 3 H]17-P, two additional fractions appeared (fractions 10 and 11) (Fig. 2a) . Fraction 11 was divided into 17,21-dihydroxy-5b-pregnane-3,20-dione (17,21-P-5b) and 17,20b-dihydroxy-5b-pregnan-3-one (17,20b-P-5b) by TLC using a benzene : methanol (9 : 1) mixture (Fig. 2b) . Fraction 10 was identified as 17-hydroxy-5b-pregnane-3,20-dione (17-P-5b). These radioactive metabolites were identified by recrystallization, as shown in Table 2 . Table 3 shows which steroids were produced from [ 3 H]17-P at each follicle stage. 17,21-P was the dominant product for all four stages. Although the production of 17,20b-P and 20b-S was very low at stages TY and EMN, it increased dramatically at stages LMN and M. 17,20b-P-5b and 17,21-P-5b were found at the M stage only, but could not be identified separately at stages TY, EMN, and LMN because of the low activity of fraction 11.
The results of incubation with other 3 H-labeled steroid precursors are shown in H]17,20b-P were converted dehydroepiandrosterone (DHEA) and 17-P by TLC development in a chloroform : ethyl acetate (2 : 1) mixture. Fraction 7 was also divided into 17,20b-P and 17,21-P by TLC using a benzene : chloroform : diethylether : methanol (2 : 2 : 1 : 1) mixture. 20b-S was found in fraction 9. E1 (fraction 1) and E2 (fraction 5) were reconfirmed by their chromatographic mobility on TLC using benzene : methanol (9 : 1). Both estrogens produced in bambooleaf wrasse follicles have been identified by recrystallization in a previous study. 17 Other metabolites were identified by recrystallization to constant specific activity (Table 2) ; androstenedione (AD), P5, 17-P5, and 17,20b-P5 corresponded to fractions 2, 3, 6, and 8, respectively. The quantitative data are shown in Table 3 .
The patterns of radioactive metabolites were quite different between follicles at the EMN and LMN stages. The production of E2, E1, AD, and DHEA was observed at the TY and EMN stages, whereas production decreased or disappeared at the LMN and M stages. In contrast, 17,20b-P5, 17,20b-P, and 20b-S production increased in follicles at the LMN and M stages. In all follicles at each stage, a large quantity of 17-P5 and small quantities of 17-P and 17,21-P were observed. Table 1 for steroid abbreviations. 
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In vitro germinal vesicle breakdown assay
The relative effectiveness of the five steroids on GVBD is summarized in Table 5 . The most effective steroids at each concentration were 17,20b-P and labeled steroid precursors clarifies the steroidogenic pathways in bambooleaf wrasse ovarian follicles (Fig. 4) , and shows clearly that during FOM the follicles produce three 20b-hydroxylated steroids: 17,20b-P, 20b-S, and 17,20b-P5. Of these steroids, 17,20b-P and 20b-S showed an equally high effectiveness on GVBD in vitro, whereas 17,20b-P5, which is a D5 steroid, was less potent at inducing GVBD. Additionally, trilostane, a 3b-HSD inhibitor, effectively blocked HCG-induced GVBD, indicating that the MIH of the bambooleaf wrasse is not a 3b-hydroxy-D5 steroid. Therefore, 17,20b-P5 is not involved in oocyte maturation in this species. These results suggest that the two 20b-hydroxylated progestins, 17,20b-P and 20b-S, act as MIH in the bambooleaf wrasse.
Recently, an oocyte 17,20b-P receptor was found on ovarian membranes of the rainbow trout Oncorhynchus mykiss. High levels of specific binding of 17,20b-P were found using plasma membranes prepared from defolliculated oocytes in this species. 18 Similarly, ovarian 20b-S receptors have been found in the spotted seatrout 19 and striped bass. 9 A more recent study of spotted seatrout and Atlantic croaker has revealed that the results of GVBD assay with short-term exposure to maturational steroids are correlated more with the binding affinities of steroids for ovarian membrane receptors. 20 Binding assays for the oocyte MIH receptor have been performed on the bambooleaf wrasse; however, the receptor has not yet been characterized because the amount of specific binding of 17,20b-P and 20b-S for the oocyte mem20b-S. Compared to 17,20b-P or 20b-S, the effectiveness of 17,20b-P5 was very low, as was the effectiveness of P5 and 17-P5.
The effect of the 3b-HSD inhibitor, trilostane, on GVBD in vitro was examined to estimate whether the MIH of bambooleaf wrasse is D5 or D4 steroid (Fig. 3) . Trilostane inhibited HCG-induced GVBD in a dose-dependent manner.
DISCUSSION
In a previous study we demonstrated that the circulating levels and in vitro productions of both 17,20b-P and 20b-S increased at the time of GVBD, and that both have high abilities for inducing GVBD in vitro. 13 However, because of the lack of information on steroid synthetic pathways, it is uncertain whether ovarian follicles can produce both biologically active progestins equally. In the present study, in vitro follicle incubation with brane fraction is very low. This low binding activity of the bambooleaf wrasse oocyte membrane causes us to speculate that the MIH receptor of this daily spawning species breaks easily during preparation of the membrane fraction, or appears only for a very short period so that we could not collect ovaries that have a highly active receptor. Further study of the oocyte MIH receptor using other techniques is required to clarify the involvement of 17,20b-P and 20b-S in FOM in the bambooleaf wrasse because the traditional binding assay method could not to be applied to this species.
In bambooleaf wrasse follicles, the steroid metabolites produced by the follicles between stages TY and EMN clearly differed from those found between stages LMN and M, indicating that there is a distinct shift in the steroidogenic pathway from E2 to 20b-hydroxylated steroids. With the absence of E2 production during FOM, the production of its intermediate metabolites, such as E1, AD, and DHEA, also decreases. Although the steroidogenic pathway of E2 synthesis was not completely identified in the present study, the decrease in E2 production may be mainly due to the decrease in C17,20-lyase activity, which converts 17-P5 to DHEA or 17-P to AD. In addition, the increase in the production of 17,20b-P, 20b-S, and 17,20b-P5 would be due to the sudden activation of 20b-HSD just before FOM. In salmonid fishes and medaka, in which 17,20b-P has been identified as an MIH, a similar mechanism regulates the steroidogenic shift, and 17,20b-P synthesis has been reported. 21, 22 Uniformly high 21-hydroxylase activity throughout all oocyte developmental stages was a distinctive feature of bambooleaf wrasse ovarian follicles. It is likely that this 21-hydroxylase activity enables ovarian follicles to synthesize enough 17,21-P for 20b-S production during FOM. A similar mechanism, which synthesizes 20b-S as an MIH, has recently been reported in puffer fish. 10 In addition, 17-P5 was also produced from P5 at all developmental stages as a tive steroids, although the level of conjugation varies among species. 24 In goldfish Carassius auratus, preovulatory females release 17,20b-P, the assumed MIH for this species, into the water. This stimulates the release of gonadotropin, milt production, and spawning behavior in males. 25 Sulfated 17,20b-P, 17,20b-dihydroxy-4-pregnen-3-one-20-sulfate (17,20b-P-S), is also released and has a similar effect. 26 In addition, greater amounts of 20b-S and its sulfated form were also produced and released into the water after injection with HCG compared with 17,20b-P. 27 Both forms of 20b-S were relatively less effective than 17,20b-P and 17,20b-P-S, as determined by electro-olfactogram recordings, suggesting that the effect is likely to be in addition to those of free and sulfated 17,20b-P. 27 These studies suggest that the metabolites of 17,20b-P and 20b-S may also play a reproductive role in the bambooleaf wrasse, although conjugated forms of 17,20b-P and 20b-S and their production were not investigated in the present study. A future study on the breakdown of 17,20b-P and 20b-S, which are the two tentative MIH of the bambooleaf wrasse, and the physiological roles of their metabolites in the reproduction of this species is necessary because in vitro conversion experiments clearly showed differences in the destructive metabolism of 17,20b-P and 20b-S.
Recent studies have demonstrated that 20b-hydroxylated progestins not only induce FOM but also ovulation. The induction of ovulation is under genomic control, probably via the nuclear progestin receptor, [28] [29] [30] whereas the induction of maturation is non-genomic, via the oocyte plasma membrane receptor. 2 The membrane and nuclear progestin receptors in the ovaries of spotted seatrout have binding affinities to certain steroids, which is consistent with their abilities to induce maturation and ovulation, respectively. 30 Of the different steroids tested, 17,20b-P had a higher affinity for nuclear receptors and the ability to induce ovulation, whereas 20b-S had a much higher affinity for membrane receptors and the ability to induce maturation. However, 17,20b-P is not produced by ovarian follicles and the plasma concentrations of immunoreactive 17,20b-P remains low during FOM. 6, 31 Therefore, it has been suggested that both FOM and ovulation of the spotted seatrout are regulated by 20b-S. 30 In the bambooleaf wrasse, in vitro production of both 17,20b-P and 20b-S increased continuously during FOM. Accordingly, in the ovaries of bambooleaf wrasse, both 17,20b-P and 20b-S may play roles in both ovulation and FOM, although the ability of 17,20b-P and 20b-S to induce ovulation is unknown. Further studies on the ability of 20b-hydroxylated progestins to induce ovulation and result of constant 17a-hydroxylase activity. Consequently, enhanced 20b-HSD activity during FOM converted 17-P5 to 17,20b-P5. No matter whether the MIH of bambooleaf wrasse is 17,20b-P or 20b-S, there is a steroidogenic shift in MIH production, a decrease in C17,20-lyase activity and an increase in 20b-HSD activity, and this shift seems to be a common and essential enzymatic process for FOM of growing oocytes in teleosts.
When 3 H-labeled 17-P or 17,21-P was used as a precursor during the in vitro conversion experiments, 20b-HSD rapidly converted 17,21-P to 20b-S in the GVBD follicles. 17-P was also converted to 17,20b-P by the sudden activation of 20b-HSD, and the total specific activity of 17,20b-P was very similar to that of 20b-S at the M stage. These results suggest that 20b-HSD in bambooleaf wrasse ovarian follicles has no obvious substrate specificity; that is, 20b-HSD activity during FOM equally converted 17-P and 17,21-P into 17,20b-P and 20b-S, respectively. In contrast, 21-hydroxylase activity was constantly high throughout all stages, including GVBD. The high activity of 21-hydroxylase during FOM indicates that ovarian follicles could readily convert 17,20b-P to 20b-S. However, during FOM in the in vitro conversion experiments using 3 H-labeled 17,20b-P and 17-P, 21-hydroxylase selectively converted 17-P into 17,21-P, whereas very little of radioactive 20b-S was produced from 17,20b-P. These results demonstrate the substrate specificity of 21-hydroxylase in bambooleaf wrasse ovarian follicles, suggesting that there is a minor pathway producing 20b-S via 17,20b-P, in addition to the main pathway from 17-P via 17,21-P (Fig. 4) . When 3 H-labeled 17-P was incubated with follicles at different stages, the production of 17,20b-P5b, which is the 5b-reduced form of 17,20b-P, increased with the production of 17,20b-P. In another daily spawner, the medaka, in which 17,20b-P is an MIH, 17,20b-P-5b appeared immediately after the appearance of 17,20b-P. 23 17,20b-P-5b was much less effective in inducing FOM in medaka than 17,20b-P, and it has been suggested that the conversion of 17,20b-P represents an inactivation process. Therefore, it is likely that rapid inactivation of MIH may also occur in bambooleaf wrasse ovarian follicles, although the activity of 17,20b-P-5b for inducing GVBD in vitro was not investigated in the present study.
No metabolites of 20b-S were found after incubation with different 3 H-labeled precursors, indicating that 20b-S was not converted to any free steroid, such as the 5b-reduced form. It is known that various C21 steroids and their glucuronide and sulfate conjugates play important roles as pheromones. 24, 25 The gonads are the major site of glucuronation and sulfation for teleost reproduc-the characterization of membrane and nuclear progestin receptors are needed to resolve the different functions of 17,20b-P and 20b-S in the bambooleaf wrasse.
In conclusion, the present study has shown that 17,20b-P and 20b-S are both produced in the ovarian follicles during FOM and may act as MIH in the bambooleaf wrasse, and results further suggest the possibility of various physiological roles for these 20b-hydroxylated progestins, such as in mediating ovulation or as sex pheromones. In addition to the gonads, recent studies have reported that extragonadal tissue can produce 20b-hydroxylated progestins. 20b-HSD activity has been found in the kidney and gills of several teleosts. [32] [33] [34] In the rainbow trout, 20b-HSD genes are expressed in a variety of tissues, including the liver, gills, brain, adipose tissue, head and posterior kidneys, ovary, and testis. 35 These studies suggest diverse physiological roles for 20b-hydroxylated progestins in teleosts, in addition to their role as MIH in FOM. However, these studies have not determined their function in each tissue. In the bambooleaf wrasse, the levels of 17,20b-P in the blood of female fish remained constant at relatively high levels (between 450 pg/mL and 850 pg/mL) throughout the year, whereas 20b-S levels increased significantly only during the spawning season. 36 This suggests possible additional role(s) for 17,20b-P beyond those of reproduction. The bambooleaf wrasse is clearly a good model for determining the roles of 20b-hydroxylated progestins in teleosts.
